Microsatellite loci (also known as simple sequence repeats [SSRs] or simple tandem repeats [STRs] ) are regions of DNA that contain short (<6 bp) tandemly repeated sequences (Litt and Luty 1989; Edwards et al. 199 1; Jacob et al. 199 1) . Much attention is currently being paid to the development of microsatellite loci because they display a number of properties of interest for genomic mapping, population genetic, and evolutionary studies (Terauchi and Konuma 1994) . They occur in large numbers within the genome: Edwards et al. (1991) estimated that 400,000 tri-or tetrameric repeats with more than seven repeated units occur in the human genome. Condit and Hubbell (1991) estimated the frequency of poly(AC) and poly(AG) repeats in six species of higher plants at between 5 X lo3 and 3 X 105. Similar numbers have been reported for wheat (Roder et al. 1995) . Microsatellite loci are generally highly polymorphic, with large numbers of low-frequency alleles that are codominantly expressed (Akkaya, Bhagwat, and Cregan 1992; Hughes and Queller 1993; Saghai Maroof et al. 1994; Chase, Kesseli, and Bawa 1996) . For example, Terauchi and Konuma (1994) found an average of 6.2 alleles per locus in a survey of 23 individuals of wild yam (Dioscorea tokoro), whereas allozyme surveys of 1,128 individuals revealed only 2.5 alleles per locus (Terauchi 1990) .
In spite of these properties, primers for microsatellite loci are presently available for a limited number of taxa. However, surveys of primer conservation in a number of animal groups have revealed that primers developed for one taxon can often amplify homologous microsatellite loci in related taxa, and sometimes in widely divergent taxa (Moore et al. 1991; Schlotterer, Amos, and Tautz 199 1; Stallings et al. 1991; FitzSimmons, Moritz, and Moore 1995) . In the most striking example, primers developed from nucleotide sequences from one family of marine turtles (Cheloniidae) amplified homologous loci in other marine and terrestrial turtles, representing a divergence time of approximately 300 Myr (FitzSimmons, Moritz, and Moore 1995) . The degree of conservation of microsatellite loci across plant taxa has not been explicitly addressed in a broad taxonomic group. Zhao and Kochert (1993) found that primers for a (GGC), microsatellite locus developed for rice amplified a homologous locus in maize and bamboo. Lagercrantz, Ellegren, and Andersson (1993) We have developed a set of microsatellite loci for use in ongoing projects in the genus Helianthus. In this paper, we present primer sequences for eight microsatellite loci developed in our lab. We examine the degree of conservation of these as well as five loci developed by other workers (Brunel 1994; Huestis, Kimura, and Knapp 1996) in 25 representatives of the Asteraceae. The Asteraceae provide a model system for examining the degree of conservation of microsatellite primers. The family has been extensively studied, and phylogenetic hypotheses based on both morphological and molecular variation have been presented (Bremer 1987 (Bremer , 1994 Kim et al. 1992; Kim and Jansen 1995) . In addition, we report on the number of alleles per locus in accessions of H. pumilis, H. cusickii, and Tagetes erecta.
Three approaches were used to develop microsatellite loci: We visually examined nuclear sequences from Helianthus and Flaveria obtained from GenBank for the presence of microsatellite repeats, and developed primers flanking repeat regions. We also used standard protocols (Sambrook, Fritsch, and Maniatis 1989; Hughes and Queller 1993) to construct and screen a HeZianthus annuus genomic library for the presence of (AAT),, (AT),, and (AG), microsatellite repeats. Finally, we followed the PCR-aided strategy of Grist, Firgaira, and Morley (1993) for preferentially amplifying microsatellite loci directly from ligation reactions. Amplified or cloned fragments were then sequenced using the Sequenase enzyme (USB) following the manufacturer's protocols. Primers were developed using the computer program Amplify (Engels 1992). Primers for five additional microsatellite loci were developed by other workers (Brunel 1994; Huestis, Kimura, and Knapp 1996) and were used in the following experiments.
For each set of primers, the optimum annealing temperature was determined by attempting to amplify genomic DNA samples of three sunflower species, using a two-degree incremental series of annealing temperatures ranging from 48 to 60°C. The three species used in this assay, Helianthus annuus, H. divaricatus, and H. giganteus, represent broadly divergent lineages within Helianthus (Schilling and Heiser 198 1) . Amplifications were performed in a 25-p,l volume including 1 ~1 of template DNA, 10 pmol of each primer, and a final concentration of 2 mM MgC12, 30 mM tricine, 50 mM KCl, 100 PM of each dNTP 5% acetamide, and 1 U of Taq DNA polymerase.
The reactions were overlaid with mineral oil and placed on an MJ Research thermal cycler programmed for an initial denaturation period of 4 min at 94"C, followed by 35 cycles of 1 min at 94"C, 30 s at the annealing temperature, and 1 min at 72"C, fol- c The number of alleles is given separately for H. pumilis and H. cusickii, because most of the observed alleles are unique to one or the other taxon. of alleles in H. cusickii. Allelic variation in Tagetes was surveyed only for the loci that showed homology to H. annuus fragments.
d Taxon designations follow figure 1. e GenBank accession numbers are given for primers developed from GenBank sequences. f This is the same locus as OSU-3 (Huestis, Kimura, and Knapp 1996), developed independently in our lab and using different primer sequences. s The amplification pattern at this locus was too complex to interpret. h This locus does not amplify in H. pumilis, though it does in other perennial Helianthus species.
' This locus does not amplify consistently in H, pumilis and H. cusickii.
The number of shared alleles is given in parentheses following the number durations that were sufficient to visualize H. unnuus fragments clearly. Electrophoresis of amplification reactions sometimes revealed fragments of varying lengths that did not produce hybridization signals ( fig.  1B) . Some of these fragments may represent loci homologous to those in H. annuus that have diverged sufficiently that they no longer hybridize with H. unnuus fragments, at least under our hybridization conditions. Alternatively, these may represent other priming sites not homologous to the microsatellite locus in Helianthus.
Only two sets of primers (IUB-1, Hnca-1) amplified homologous products outside of the tribe Heliantheae sensu lato (Robinson 1981 fig. 1B ). More surprising is the pattern observed for six other loci. Fragments for IUB-5, IUB-6, Hnca-1, Hnca-2, OSU-1, and OSU-2 show homology only with members of Helianthus and with one or more of Tagetes, Marshall& and Psilostrophe, but not with more closely related members of the Heliantheae (table 1) .
Of the eight loci examined for allelic diversity in Helianthus, six were polymorphic in one or both species (table 1) . The locus IUB-5 was fixed for different alleles in each species. Only IUB-1 was monomorphic throughout. In Tugetes, four of seven loci were polymorphic. The two marigold varieties shared all alleles and could not be distinguished by any of the loci (Table 1 ). The overall lack of conservation of primer sequences for these microsatellite loci across the Asteraceae suggests that the regions flanking the repeats are not highly conserved, either in nucleotide sequence or in relative position. In some cases (e.g., IUB-1, fig. lB) , primers amplified numerous fragments that do not share homology with H. annuus fragments. This points to the importance of verifying the homology of fragments amplified using heterologous primers. Where homology was maintained, levels of polymorphism in Helianthus and Tugetes suggest that a significant proportion of conserved loci will in fact be polymorphic (table 1) . We can find no obvious explanation for the pattern of homology found between Tugetes, MzrshaZZia, and Helianthus. Current phylogenetic hypotheses for the Heliantheae (Kim et al. 1992; Bremer 1994; Kim and Jansen 1995) in no way indicate a close phylogenetic relationship among these taxa, yet several, presumably independent, loci suggest that the three genomes are more similar in either nucleotide sequence or genome arrangement than are more closely related taxa. Whatever the mechanism for maintaining the primer sites among these divergent taxa, it is likely that the observed homology represents a shared plesiomorphic condition, and that intervening taxa have diverged and lost the appropriate priming sites.
Moderate levels of microsatellite conservation have been found in mammalian groups, where priming sites developed from sequences of one taxon were often conserved in closely related species but less frequently in more distant species (Moore et al. 1991; Schliitterer, Amos, and Tautz 1991; Stallings et al. 1991) . For example, Moore et al. (1991) attempted to amplify microsatellite loci in sheep, horses, and humans using primer pairs for 48 microsatellite loci developed from bovine DNA sequences. Fifty-six percent of primer pairs yielded specific products in sheep (representing a divergence time of 15-25 Myr), compared with only 6.2% in horses and none in humans (80-lOO-Myr divergence time). This is in general agreement with the results of Stallings et al. (199 l) , who found that the genomic location of 6 of 20 (GT), repeats was conserved between rodents and humans vs. 4 of 4 and 5 of 7 for comparisons within primates and rodents, respectively.
Schliitterer, Amos, and Tautz (199 1) found that all of the 11 microsatellite loci that they assayed could be amplified across a set of cetacean species representing a 35-40-Myr divergence time. Although the estimates from the three mammalian studies seem to suggest levels of conservation on the same order of magnitude, findings from marine turtles (FitzSimmons, Moritz, and Moore 1995) indicate conservation over much greater divergence times (300 Myr). These results may, however, turn out to be exceptional and may relate to the unusually slow rate of molecular evolution in turtles (Avise et al. 1992; Bowen, Nelson, and Advise 1993; FitzSimmons, Moritz, and Moore 1995) .
In order to compare levels of conservation in the Asteraceae to those obtained in mammalian groups, we used Kim et al.'s (1992) rbcL sequence data along with divergence times determined from the fossil record to estimate age of the Heliantheae. We calculated the rate of nucleotide substitution using the average sequence divergence between Barnadesia, a member of the basal lineage of Asteraceae (Bremer 1987; Jansen and Palmer 1987; Kim et al. 1992; Kim and Jansen 1995) , and the remaining 23 terminal taxa in the rbcL phylogeny. Assuming a divergence date for the family of 30 to 60 MYA (Cronquist 1977) , this substitution rate was used to estimate the age of the Heliantheae. This yielded an age estimate for the Heliantheae of approximately half the age of the family or 14.5-29 Myr. This represents the maximum divergence time over which we can reasonably expect that new microsatellite primer sets might amplify homologous loci, although our data clearly suggest that homology will by no means be universally maintained across this span. Because this is the first explicit examination of microsatellite conservation in a broad taxonomic group of plants, we do not know if our results represent a general trend for plants, although the results cited above for Brussica (Lagercrantz et al. 1993 ) also loci suggest low in plants. levels of conservation of microsatellite
